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Recent investigations have shown that Fei+^Tei-xSex can be made superconducting by annealing 
it in Se and O vapors. The current lore is that these chalcogen vapors induce superconductivity by 
removing the magnetic excess Fe atoms. To investigate this phenomenon we performed a combi¬ 
nation of magnetic susceptibility, specific heat and transport measurements together with scanning 
tunneling microscopy and spectroscopy and density functional theory calculations on Fei+^Tei-^Sex 
treated with Te vapor. We conclude that the main role of the Te vapor is to quench the magnetic 
moments of the excess Fe atoms by forming FeTe m (m > 1) complexes. We show that the remain¬ 
ing FeTe m complexes are still damaging to the superconductivity and therefore that their removal 
potentially could further improve superconductive properties in these compounds. 

PACS numbers: 74.70.Xa, 73.20.-r, 68.37.Ef, 71.15.Mb 


The interplay between magnetism and superconductiv¬ 
ity in cuprate, heavy-fermion and iron-based supercon¬ 
ductors has attracted intensive interest of the research 
community m- Superconductivity and magnetic or¬ 
dering are usually considered to be incompatible. In the 
high-T c cuprates, long-range antiferromagnetic order in 
the parent compounds is suppressed by hole or electron 
doping before the emergence of superconductivity |H Hi¬ 
lt has been reported that superconducting states and 
spin-density-wave (SDW) states are close in the phase 
diagram [6|. Recent studies on Ba(Fei_ cc Co cc ) 2 As 2 sug¬ 
gest the coexistence of the spin density wave state and su¬ 
perconducting state 0IB]. The nature of the relationship 
between magnetism and superconductivity is under much 
debate. Density functional calculations show strong spin 
fluctuations in 11-structure iron chalcogenides [3]. De¬ 
spite the competition between magnetism and supercon¬ 
ductivity, in the 11-structure system, there is evidence for 
a coupling between spin excitations and superconductiv¬ 
ity m- Therefore, exploring the role of magnetic impu¬ 
rities offers a pathway to better understand the mecha¬ 
nism of unconventional superconductivity in iron chalco¬ 
genides. 

Reported studies have shown the enhancement of su¬ 
perconductivity by annealing iron chalcoginides with ex¬ 
cess iron in different types of vapors, such as oxygen and 
selenium lEHE]. Recently, the recovery of bulk super¬ 
conductivity in annealed Fei+^Tei-^Se^ sample (under 
Te vapor) has been reported [14] [15]. The current lore 
is that the chalcogen vapor removes excess Fe during 
annealing. It is timely to investigate this assumption 
against microscopic measurements such as scanning tun¬ 
neling microscopy. In fact, spatially resolved studies of 


impurities are particularly useful for such systems be¬ 
cause of the critical role of inhomogeneity in the emergent 
states. High resolution scanning tunneling microscopy 
enables direct probing of the interplay between spatial 
superconducting inhomogeneity and impurities. 

Here, we report that by annealing in Te vapor, the 
magnetic moment of the excess Fe impurities in the iron 
chalcogenide, Fe1.05Te0.75Se0.25, is reduced. The mo¬ 
ment reduction appears to occur through an electronic 
hybridization of the excess iron with Te atoms from the 
vapor that results in the formation of a Fe-Te complex. 
The formation of this complex results in the recovery of 
bulk superconductivity. Local structure, electronic prop¬ 
erties and the magnetic moment of impurities in the an¬ 
nealed Fe1.05Te0.75Se0.25 sample in Te vapor (hereinafter 
referred to as “annealed Fe1.05Te0.75Se0.25 sample”) were 
investigated in detail by using scanning tunneling mi¬ 
croscopy/spectroscopy (STM/S), density functional the¬ 
ory (DFT) calculations, and bulk measurements. 

Single crystals of Fei .osTeo. 75 Seo .25 are grown from the 
melt using a modified Bridgmann method BSQZI, and 
annealed under Te vapor (see the materials and methods 
section in supplementary S6 for the annealing procedure). 
X-ray data confirm the good quality of the single crystals 
and EDX measurements yield an excess iron concentra¬ 
tion of about 4-5%. Furthermore, overall compositions 
at different spots on crystals before and after annealing 
were measured using EDX to study the annealing effect. 
By averaging over 6 spots (regions) on the as-grown and 
the cleaved shiny surface from the crystal treated in Te 
vapor (identical analysis geometry), there seems to be a 
systematic change. The as-grown crystal has an average 
iron content of 1.057 while for the shiny surface of the 
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crystal treated in Te vapor the average iron content is 
1 . 039 . Similarly the as-grown surface has a Te content 
of 0.718 while the Te-vapor surface has a Te content of 
0 . 743 . Apparently, the annealing process does not only 
remove excess Fe from the sample, but also injects excess 
Te. 



FIG. 1: (a) Picture of an as-grown Fe1.05Fe0.73Se0.27 sample, 
(b) Transport measurements of as-grown Fe1.05Fe0.75Se0.25 
sample (red curve) and annealed Fe1.05Fe0.75Se0.25 sam¬ 
ple under Te vapor (black curve). (c) Magnetic suscep¬ 
tibility measurements of as-grown Fe1.05Fe0.75Se0.25 sample 
(black curve) and annealed Fe1.05Fe0.75Se0.25 sample un¬ 
der Te vapor (red curve) (d) Zero-field-cooled (zfc) and 
field-cooled (fc) magnetic susceptibility measurements of as- 
grown Fe1.04Fe0.75Se0.25 sample (black curves) and annealed 
Fe1.04Fe0.75Se0.25 sample under Te vapor (bottom red curves) 
at low temperatures. 


As an example, Fig. la shows an as-grown 
Fe1.05Fe0.73Se0.27 sample, with the flat and reflective sur¬ 
face perpendicular to the c-axis. Transport and mag¬ 
netic susceptibility measurements of as-grown crystals 
of Fe1.05Te0.75Se0.25 or Fe1.04Te0.75Se0.25 show charac¬ 
teristic of filamentary superconductivity (red curve in 
Fig. lb, black data in Fig. Id) [ 18 ] . As-grown 
Fe1.05Te0.75Se0.25 crystals were annealed in Te vapor at 
400 °C for two weeks. The annealed crystals exhibit a 
sharp superconducting transition at T c = 14 K (Fig. lb, 
Id) in transport, low field magnetic susceptibility data, 
and heat capacity data (See supplementary Fig. S 4 ). 
Furthermore, high temperature magnetic susceptibility 
measurements (Fig. lc) show that the annealed sample 
of Fe1.04Te0.75Se0.25 is much less magnetic than the as- 
grown one. 

To study the influence of the impurities on supercon¬ 
ductivity, besides bulk superconductivity measurements, 
we perform local imaging and spectroscopy measure¬ 
ments using STM/S. Annealed Fe1.05Te0.75Se0.25 single 
crystals were cleaved in ultrahigh vacuum at room tem¬ 



FIG. 2: (a) Scanning tunneling microscopy topographic im¬ 
age of the annealed Fe1.05Te0.75Se0.25- The image was taken 
with a bias of 50 mV and a tunneling current of 100 pA at 
about 4.3K. There are larger white blobs that are marked with 
arrows, and relatively smaller bright spots that are marked 
with open white circles (b) Typical dl/dV spectra taken on 
the pristine area (red curve) and on the top of an impurity 
(black curve). The two spectra (1 and 2) correspond to the 
locations marked by spots 1 and 2 in a. The spectra have 
been smoothed for better illustration. 


perature (RT) and loaded into the microscope stage to 
cool down overnight to low temperatures (the microscope 
stage cooled with liquid helium). The topographic STM 
images (Fig. 2 a, Fig. 3 a, and supplementary Fig. Sla) 
reveal typical small bright and dark patches, which are 
attributed to Te/Se clustering on cleaved chalcogenide 
surfaces [H ng. Furthermore, there are extra bright 
spots in the images. Previous studies of extra bright 
spots have been reported on a Fei+^Sei-^Te^ cleaved 
surface, suggesting that the existence of extra bright 
spots is likely due to excess iron m • By examining 
the impurities and the local electronic properties in com¬ 
bination with theoretical calculations, we are able to 
clarify the nature of these impurities on the annealed 
Fe1.05Te0.75Se0.25 sample. 

We perform scanning tunneling spectroscopy to study 
the local electronic structure of the impurities. The 
image in Fig. 2 a shows a topographic area of cleaved 
Fe1.05Te0.75Se0.25 after annealing in the Te vapor. This 
area displays a relatively high amount of superconductive 
regions, which is also visualized in superconducting gap 
map (See supplementary Fig. S 3 a), and small amount 
of impurities. The magnetic susceptibility measurement 
suggests 100 % screening in a zero-field-cooled measure¬ 
ment, which does not imply a 100 % volume fraction. 
Heat capacity data (See supplementary Fig. S 4 ) indicate 
that about 65 % of the sample volume is superconducting. 
The image shows the larger clusters, seen as large white 
blobs marked with arrows, and relatively smaller bright 
spots, marked with open white circles. The smaller 
bright spots still show some structural protrusions, while 
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OFe OTe 

FIG. 3: (a) Zoomed-in image for the region marked with the 
square in Fig. 2a reveals an individual impurity (bright spot) 
as well as surface lattice of the annealed Fe1.05Te0.75Se0.25- 
The dashed line marks where the height profile in b is ex¬ 
tracted. The image was taken with a bias of 50 mV and a 
tunneling current of 150 pA at about 4.3K. An image flatten¬ 
ing process has been applied for better illustration, (b) Height 
profile along the horizontal dashed line across the bright spot 
in a, shows the height of impurity is about 1.0—1.5 A. The 
height profile was extracted before the image flattening pro¬ 
cess was applied to a. (c) Relaxed atomic positions obtained 
from first principles calculations for a single Fe interstitial 
atom on an FeTe surface, (d) Relaxed atomic positions ob¬ 
tained from first principles calculations for a single FeTe com¬ 
plex on an FeTe surface. 

we observe no structural feature in the larger blobs. It 
is possible that the compositions in larger blobs are even 
more complex, and may evolve from the clusters of ex¬ 
cess Fe-Te during annealing. Figure 2b shows two typical 
dl/dV spectra taken on the top of an impurity and the 
pristine area, respectively. The superconducting coher¬ 
ence peaks vanishes at the impurities (the black curve), 
while in pristine areas away from the blob the supercon¬ 
ducting gap and coherence peaks are clearly revealed by 
inspecting the red curve in Fig. 2b. We also conduct 
our investigation of local impurities by zooming in the 
box in Fig. 2a to obtain a high-resolution image of the 
cluster (Fig. 3a). This topographic image shows a pris¬ 
tine surface with a clear square lattice accompanied by a 
cluster of impurity in the middle of the image. The line 
profile (Fig. 4b) along the horizontal dashed line (Fig. 
4a) shows a cluster width of about 1.5—2 nm with height 
of about 1.0—1.5 A . 

Density functional theory (DFT) calculations were car¬ 
ried out to investigate these impurities. A single Fe inter¬ 
stitial atom on a FeTe surface (Fig. 3c) prefers a location 
in the middle of four-chalcogenide atoms on the surface 
with adsorption energy of 4.12 eV, at a height of ^0.3 
A below the surface Te-atoms. During annealing in Te- 
vapor, Te atoms could be introduced into the material, 
either forming excess Te or binding with Fe interstitial 
to form FeTe (or FeTe m with m > 1) complex[l4l ITS] . 


The adsorption energy of a single Te-atom on the FeTe 
surface is 1.20 eV, whereas it is more strongly adsorbed 
by 1.94 eV on the interstitial Fe-atom on the surface to 
form a FeTe-complex. This single FeTe complex on the 
surface of FeTe film has geometry as shown in Fig. 3d. 
The FeTe bond length is 2.47 A . The adsorption en¬ 
ergy of such FeTe complex is 2.61 eV, suggesting that 
it remains strongly adsorbed to the surface, instead of 
being removed into the gas phase. The presence of a Te- 
impurity above the FeTe surface is consistent with the 
protrusion at the impurity seen in STM experiments. 

Most interestingly, the Fe-atoms in FeTe complex are 
much less magnetic, with a moment of ^0.2 /H3, over 
10-times less than ^2.3 fiE seen in an isolated excess 
Fe-impurity. As seen in supplementary Fig. S3b, the 
theoretical integrated magnetization density on excess Fe 
atom is suppressed over the entire energy range when it is 
bonded to a Te-impurity. Because of the effect that Te co¬ 
valently binds with Fe, and reduces its magnetic moment, 
this provides an explanation for the reduced magnetic 
scattering for the samples annealed under chalcogenides 
vapors (or any other atomic gas that can favorably bind 
with Fe-atom). While the calculations were done on a 
perfect surface, a covalently bonded FeTe complex would 
have reduced local moment even when it is adsorbed in 
the bulk sample. Further, larger FeTe m (m > 1) com¬ 
plexes could also form on the surface, quenching the Fe- 
moment even further. This would also lead to a reduced 
magnetic susceptibility, as seen in the experiments. This 
finding, combining with other evidences, strongly implies 
that the recovery of superconductivity in annealed sam¬ 
ple is most-likely related to the reduced moment of these 
impurities. During annealing under Te vapor, the excess 
Fe can strongly attract and react with Te from the vapor. 
The overall conclusion is that annealing leads to the for¬ 
mation of FeTe m (m > 1). The connection between our 
simulation and our experimental data is on a qualitative 
level. Qualitatively our simulation shows (a) there is a 
strong tendency for the excess Fe to attract an excess 
Te, and (b) the presence of the excess Te will quench the 
magnetic moment on the excess Fe. 

To analyze the effects of the FeTe m impurities on the 
superconductivity, we perform scanning tunneling spec¬ 
troscopy. In Fig. 4a we present a map of the super¬ 
conducting gap, for the topographic area adjacent to an 
isolated FeTem impurity shown in Fig. 3a. The gap 
map was obtained by performing the gap-fitting proce¬ 
dure similar to the method reported in reference [[21] , 
as outlined in references B3I22]. The gap map clearly 
visualizes that superconductivity is suppressed at sites 
of Fe/Te aggregation. The superconducting gap feature 
dramatically changes around the impurity. Spectra mea¬ 
sured around the impurity, reveal either the V-shaped 
spectra in some areas near the impurity same as the 
black V-shaped curve in Fig. 2b, or more interestingly 
spectra with conductance peaks near the Fermi level as 
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FIG. 4: (a) Gap mapping for the same area shown in Fig 

3a. This gap mapping is obtained by fitting superconduct¬ 
ing gap as described by the references cited in the main text. 
(Some data points in this map, were corrected manually to 
0 value for the reason of the failure of correct fitting by the 
computer program), (b) The dl/dV spectra measured near 
and away from the impurity along the arrow mark in Fig 3a, 
showing the suppression of superconducting gap around the 
impurity. More interestingly, around the impurity, we also ob¬ 
served that impurity-induced states (indicated by green and 
pink arrows) appear in the dl/dV spectra with the suppres¬ 
sion of the superconducting gap, when tip approaching to the 
impurity. The top dl/dV curve was taken near the impurity, 
at the location marked with the white dot in a, which is set 
as the reference spot (0 A ). The distance marked for each 
curve, indicates the linear distance away from the reference 
spot toward the left side. The set-up conditions for the spec¬ 
tra is V = 50 mV, 1^ = 150 pA, V mo d = 0.5 mV. The spectra 
have been smoothed for better illustration. 


shown in the top curve in Fig. 4b in other areas near 
the impurity. Both types of spectra indicate the sup¬ 
pression of superconductivity around the impurity. Song 
et al. observed in-gap resonance peak induced inside co¬ 
herence peak for single iron ad-atom on FeSe m- Here, 
for Fe 1 . 05 Te 0 . 75 Se 0.25 after annealing in Te vapor, we see 
the conductance peak around the impurity; however the 
superconducting coherence peaks disappear. Figure 4a 
shows that around the impurity, the superconducting gap 
is greatly suppressed towards 0 meV as indicated in blue. 
Away from the impurity, the superconducting gap ap¬ 
pears with large sizes of about 4—5 meV as indicated in 
red. Previous studies have reported gap values (A) for 
iron chalcogenides, 1.7 meV for Fe(Te,Se) [24] . 2.2 meV 
for FeSe [23] . and ~ 2—4 meV for FeSei-^Te^ [25] . The 
gap sizes of 4—5 meV shown in the gap map are near the 
high value side of the above reported values, which may 
be due to disorder on our samples. It is clear that the 
impurity locally suppresses the superconductivity around 
it. 

As demonstrated in the theory by Abrikosov and 
Gor'kov [26], magnetic impurities suppress superconduc¬ 
tivity. In terms of experiments, Yazdani et al. reported 
the experimental STM/STS studies on Mn, Gd, or Ag 
ad-atoms on an Nb surface, to explore the effects of im¬ 


purities E7J. While both magnetic Mn and Gd ad-atoms 
on the Nb surface enhance conductance around zero bias 
and locally destroy the superconductivity, nonmagnetic 
Ag ad-atoms show no effect on the superconducting state 
on the Nb surface. The latter is a consequence of Ander- 
sons theorem which states that nonmagnetic impurity 
does not affect critical temperature in isotropic 5-wave 
superconductors [28]. However, in a sign changing super¬ 
conductor, as the Fe based superconductors are generally 
believed to be, FeTe m impurity complexes with reduced 
magnetic moments can still act as strong scatters that lo¬ 
cally destroy the supercondcutivity and induce impurity 
states [29H32] . 

Indeed the presence of in-gap impurity states is re¬ 
vealed in Fig. 4b, which shows the dependence of dl/dV 
spectra upon lateral distance to the impurity. Far away 
from the impurity (at about 39 A ) coherence peaks can 
be clearly distinguished as marked with the black ar¬ 
rows in the bottom curve of Fig. 4b. Toward the im¬ 
purity, the coherence peaks are suppressed with a ris¬ 
ing structure within the gap which first appears in the 
electron part of the spectrum at negative bias and then 
moves to near the zero bias or even the hole side at 
positive bias (see green and pink arrows at ^ +/— 2 
meV). The spectral magnitudes/weights of the in-gap 
impurity states depend on the distance from the impu¬ 
rity. Such an impurity-induced distance dependent local 
breakdown of the particle-hole symmetry has been re¬ 
ported before, which exhibits either hole- or electron-like 
dominant peaks in dl/dV spectra [31]|33, 34] . A particu¬ 
larly rapid shift between electron- and hole-like spectral 
weights is seen by comparing the top two dl/dV spectra 
in Fig. 4c that are about 2.6 A away from each other. 
Such in-gap impurity states with rich spatial and en¬ 
ergy properties are not only fascinating, but also contain 
critical information on the structure of superconducting 

gap[35H37l. 

The area (shown in supplementary Fig. S2) where the 
concentration of FeTe m complexes is significantly higher 
than in the region shown in Fig. 2(a), is found to be 
non-superconducting. Therefore we can conclude that 
the effect of the FeTe m complexes is not just limited to 
suppressing the superconductivity locally, at the nanome¬ 
ter length scale. The FeTe m complexes apparently also 
conspire together to degrade the superconducting prop¬ 
erties in much larger regions of the material. This sug¬ 
gests an intriguing possibility: removing the remaining 
FeTe m complexes from the superconducting regions may 
offer a new way to further improve the superconducting 
properties of the iron chalcogenides. It could very well 
be that the remaining FeTe m complexes are the limit¬ 
ing factor for the superconducting performance of vapor 
treated Fei+^Tei-^Se^ and that their elimination could 
further improve superconductive properties in these com¬ 
pounds. How the FeTe m complexes could be taken out 
of the vapor treated iron chalcogenides of course remains 
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to be seen, but the discovery of their existence and the 
understanding of their destructive influence on the super¬ 
conductivity have formed the first steps in this direction. 

To summarize, we investigate the magnetic and super¬ 
conducting properties of Fe1.05Te0.75Se0.25 annealed in Te 
vapor. Using STM/S, theoretical calculations, and bulk 
measurements, we show that the moments of excess iron 
atoms are quenched due to the formation of FeTe m (m > 
1) complexes during the annealing process. Furthermore, 
the remaining FeTe m complexes still locally suppress the 
superconductivity. Therefore, we envision that in future 
experiments there is still room to further improve super¬ 
conductive properties by not only removing the magnetic 
moments of the excess Fe impurities, but also the com¬ 
plexes themselves that they form with the Te impurities. 
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